Triple approach to determination of the c-axis penetration depth in
  BSCCO crystals by Trunin, M. R. et al.
ar
X
iv
:c
on
d-
m
at
/0
00
63
71
v1
  [
co
nd
-m
at.
su
pr
-co
n]
  2
3 J
un
 20
00
Triple approach to determination of the c-axis penetration depth in BSCCO crystals
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The c-axis penetration depth λc in Bi2Sr2CaCu2O8+δ (BSCCO) single crystals as a function of
temperature has been determined using three high-frequency techniques, namely: (i) measurements
of the ac-susceptibility at a frequency of 100 kHz for different sample alignments with respect to the
ac magnetic field; (ii) measurements of the surface impedance in both superconducting and normal
states of BSCCO crystals at 9.4 GHz; (iii) measurements of the surface barrier fieldHJ(T ) ∝ 1/λc(T )
at which Josephson vortices penetrate into the sample. Careful analysis of these measurements,
including both numerical solution of the electrodynamic problem of the magnetic field distribution
in an anisotropic plate at an arbitrary temperature and influence of defects in the sample, has
allowed us to estimate λc(0) ≈ 50 µm in BSCCO crystals overdoped with oxygen (Tc ≈ 84 K)
and λc(0) ≈ 150 µm at the optimal doping level (Tc ≈ 90 K). The results obtained by different
techniques are in reasonable agreement.
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I. INTRODUCTION
Study of anisotropy of the magnetic field penetration
depth as a function of temperature in high-Tc supercon-
ductors (HTS) advance considerably our understanding
of pairing mechanism in these materials. It is known (see,
e.g., Ref.1 and references therein) that in-plane penetra-
tion depth ∆λab(T ) ∝ T in the range T < Tc/3 in high-
quality HTS samples at the optimal level of doping, and
this observation can be interpreted the most simply in
the d-wave model of the high-frequency response of HTS.
Measurements of out-of-plane or c-axis penetration depth
λc(T ) are quoted less frequently than those of λab(T ).
Most of such data published so far were derived from mi-
crowave measurements of the surface impedance of HTS
crystals2–10. There is no consensus about ∆λc(T ) at
low temperatures. Even in high-quality YBCO crystals,
which are the most studied objects, one can find both
linear, ∆λc(T ) ∝ T
3,8, and quadratic dependences10 in
the range T < Tc/3. In BSCCO materials, the shape
of ∆λc(T ) depends on the level of oxygen doping: in
samples with maximal Tc ≃ 90 K ∆λc(T ) ∝ T at low
temperatures6,7; at higher oxygen contents (overdoped
samples) Tc is lower and the linear function ∆λc(T )
transforms to a quadratic one7. The common feature of
all microwave experiments is that the change in the ratio
∆λc(T )/λc(0) is smaller than in ∆λab(T )/λab(0) because
in all HTS λc(0)≫ λab(0). Another possibility to deter-
mine c-axis penetration depth is the measurements of the
first penetration field of Josephson vortices. In quasi-2D
systems, their penetration may be impeded by a surface
barrier, the value of which is inversely proportional to
λc(T )
11. The quantitative estimates of λc(T ) deduced
from the surface barrier data were however disputed12.
Furthermore, λc(T ) is also inversely proportional to
the plasma frequency13,14 which is usually assigned to
Josephson plasma resonance frequency modified by the
field-dependent interlayer phase coherence13,15. How-
ever, this interpretation is still controversial16. There-
fore, independent measurements of λc(T ) are of inter-
est. To date, all the above mentioned properties have
been studied separately. It is the aim of this paper to
apply together three different techniques to the deter-
mination of the absolute value of λc(T ) in order to ob-
tain unambiguous results: (i) ac-susceptibility measure-
ments of BSCCO crystals have allowed us to determine
the temperature variation ∆λc(T ); ii) cavity perturba-
tion technique and electrodynamic analysis of the surface
impedance anisotropy is used to determine both the vari-
ations and absolute values of λc(T ) and λab(T ); (iii) the
first penetration field of Josephson vortices is measured
and shown to be related to λc(T ).
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II. ELECTRODYNAMIC BASIS OF THE
MEASUREMENTS
The electrodynamics of layered anisotropic HTS is
characterized by the components σab and σc of the con-
ductivity tensor. In the normal state, ac field pene-
trates in the direction of the c-axis through the skin
depth δab =
√
2/ωµ0σab and in the CuO2 plane through
δc =
√
2/ωµ0σc. In the superconducting state all pa-
rameters δab, δc, σab = σ
′
ab − iσ
′′
ab, and σc = σ
′
c − iσ
′′
c are
complex. In the temperature range T < Tc, if σ
′ ≪ σ′′,
the field penetration depths are given by the formulas
λab =
√
1/ωµ0σ′′ab, λc =
√
1/ωµ0σ′′c . In the close neigh-
borhood of Tc, if σ
′ > σ′′, the decay of magnetic field
in the superconductor is characterized by the functions
Re (δab) and Re (δc), which turn to δab and δc at T ≥ Tc,
respectively.
In this paper we present the results of high-frequency
measurements of anisotropy of two BSCCO single crys-
tals with various levels of oxygen doping. The first
sample (#1), characterized by a lower critical temper-
ature, Tc ≈ 84 K (slightly overdoped), has dimensions
a × b × c ≃ 0.8 × 1.8 × 0.03 mm3. The second (#2,
a × b × c ≃ 1.5 × 1.5 × 0.1 mm3) is almost optimally
doped (Tc ≈ 90 K).
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FIG. 1. Curves of the ac-susceptibility of sample #2 versus
temperature in different orientation with respect to ac mag-
netic field: Hω ‖ c (full circles); Hω ⊥ c, Hω is parallel to
the b-edge of the crystal (up triangles); Hω ⊥ c, Hω is par-
allel to the a-edge of the crystal (down triangles). Left-hand
inset: transverse (T) orientation, Hω ‖ c, the arrows on the
surfaces show directions of the screening current. Right-hand
inset: Longitudinal (L) orientation, Hω ⊥ c.
For determination of both λab(T ) and λc(T ) compo-
nents of the penetration depth we measured the tem-
perature dependences of the Q-factor and the frequency
shift δf of the resonant circuit for different sample align-
ments with respect to the ac magnetic field Hω: in the
transverse (T) orientation, Hω ‖ c, when the screening
current flows in the ab-plane of the crystal and in the
longitudinal (L) orientation, Hω ⊥ c, with currents run-
ning in the directions of both CuO2 planes and the c-axis
(insets to Fig. 1). In the first case the values of Q(T)
and δf(T ) are directly connected with in-plane penetra-
tion depth λab(T ) at T < Tc and skin depth δab(T ) at
T ≥ Tc
1. Both lengths are smaller than the thickness of
the crystal. In the second L-orientation at T < 0.9Tc
the penetration depth is still smaller than characteristic
sample dimensions. But at T > 0.9Tc the lengths λc and
δc are comparable to the width of the crystal. In order to
analyze our measurements in both superconducting and
normal states, we used formulae for field distributions in
an anisotropic long strip (b ≫ a, c) in the L-orientation.
These formulae neglect the effect of ac-faces of the crys-
tal, if Hω is parallel to the b-edge of the crystal (inset on
the right of Fig. 1), but take into account the size effect.
At an arbitrary temperature, the measured quantities are
expressed in terms of the complex parameter µ intro-
duced in Ref.17, which is controlled by the components
σab(T ) and σc(T ) of the conductivity tensor through the
penetration depths δab and δc
18:
µ =
8
pi2
∑
n
1
n2
{
tan(αn)
αn
+
tan(βn)
βn
}
,
α2
n
= −
a2
δ2
c
(
i
2
+
pi2
4
δ2
ab
c2
n2
)
, β2
n
= −
c2
δ2
ab
(
i
2
+
pi2
4
δ2
c
a2
n2
)
, (1)
where the sum is performed over odd integers n > 0. In
the superconducting state, if σ′ ≪ σ′′, the parameter µ
is real:
µ =
8
pi2
∑
n
1
n2
{
tanh(α˜n)
α˜n
+
tanh(β˜n)
β˜n
}
,
α˜2
n
=
a2
λ2
c
(
1
4
+
pi2
4
λ2
ab
c2
n2
)
, β˜2
n
=
c2
λ2
ab
(
1
4
+
pi2
4
λ2
c
a2
n2
)
. (2)
III. AC-SUSCEPTIBILITY MEASUREMENTS
The first approach to determination of the c-axis pen-
etration depth λc(T ) in BSCCO single crystals is based
on measuring the ac-susceptibility χ = χ′ − iχ′′ at a fre-
quency of 100 kHz. The imaginary part χ′′ of χ is propor-
tional to the energy dissipation in the sample and the real
part χ′ is proportional to the shielding of magnetic field.
Ac-susceptibility is characterized by the components of
the conductivity tensor and, hence, allows to determine
the penetration depth λ. Experimentally it is possible
if the penetration depth is comparable to the sample di-
mension. So the ac-susceptibility measurements are usu-
ally adapted to the superconducting powders whose grain
size is comparable to λ. However, since λc(0) in BSCCO
single crystals is relatively large, we managed to deter-
mine λc(T ) from the temperature dependences of χ
′(T ).
2
As an example, figure 1 shows the temperature de-
pendences χ′(T )/|χ′(0)| in sample #2 for three differ-
ent sample alignments with respect to the ac magnetic
field: in the T-orientation, Hω ‖ c, (full circles); in the
L-orientation, Hω ⊥ c, (Hω is parallel to the b-edge of
the crystal, up triangles); in the L-orientation, whose dif-
ference from the previous configuration is that the sam-
ple is turned around the c-axis through 90◦ (down trian-
gles). Fig. 1 clearly shows that at T < Tc χ
′
ab(T ) is no-
tably smaller in the T-orientation than χ′ab+c(T ) in the
L-orientation (the subscripts of χ′ denote the direction
of the screening current). The coincidence of χ′ab+c(T )
curves at Hω ⊥ c and the small width of the supercon-
ducting transition at Hω ‖ c (∆Tc < 1 K) indicate that
the quality of the tested sample #2 is fairly high.
In the superconducting state at T < 0.9Tc we find that
λab ≪ c and λc ≪ a. In this case, we derive from Eq. (2)
a simple relation between the real parts of µ and χ:
µ′ = 1 + χ′ =
2λc
a
+
2λab
c
. (3)
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FIG. 2. Temperature dependences ∆λc in sample #1
(squares) and #2 (circles) at T < 0.9 Tc. Open symbols plot
low-frequency measurements, full symbols show microwave
data. The inset shows low temperature sections of the ∆λc
curves in sample #2.
Figure 2 shows measurements of ∆λc(T ) in sample #1
(squares) and sample #2 (circles) at T < 0.9Tc. The
open symbols plot low-frequency measurements obtained
from χ′(T ) in accordance with Eq. (3), the full sym-
bols plot microwave measurements (see the next section).
Agreement between these measurements is fairly good,
but in fitting together experimental data from sample #2
(upper curve) we had to divide by a factor of 1.8 all
∆λc(T ) derived from measurements of ac-susceptibility
using Eq. (3). The cause of the difference between
∆λc(T ) measured in sample #2 at different frequencies
is not quite clear18.
The curves of ∆λc(T ) at T < 0.5Tc plotted in Fig. 2
are almost linear: ∆λc(T ) ∝ T . The inset to Fig. 2 shows
the low-temperature section of the curve of ∆λc(T ) in
sample #2. Its slope is 0.3 µm/K and equals that from
Ref.7. Note that changes in ∆λc(T ) are smaller in the
oxygen-overdoped sample #1 than in sample #2.
We also estimated λc(0) on the base of absolute mea-
surements of the susceptibility χ′c(0) and we obtained
λc(0) ≈ 70 µm for sample #1 and λc(0) ≈ 210 µm for
sample #2.
IV. CAVITY PERTURBATION TECHNIQUE
The second technique of determination λc(T ) is mea-
suring the difference ∆(1/Q) (∆f) between reciprocal
Q’s (resonant frequency shifts) of a cavity with a sample
inside and the empty cavity as functions of temperature
at a frequency f = 9.4 GHz. These parameters are re-
lated to the surface impedance Zs = Rs + iXs compo-
nents through the geometrical factor Γs of the sample:
Rs = Γs∆(1/Q), ∆Xs = −2Γs∆f/f
1. The penetration
depth is λ(T ) = Xs(T )/ωµ0 at T < Tc. In order to
determine the absolute value of Xs = −2Γsδf/f , where
δf is the frequency shift relative to that which would be
measured for a sample with perfect screening and no pen-
etration of the microwave fields, one needs the constant
parameter f0 = ∆f(T ) − δf(T ). In HTS this constant
can be derived from microwave measurements in the nor-
mal state.
In the T-orientation f0 can be derived from the condi-
tion that the real and imaginary parts of the impedance
should be equal above Tc (normal skin-effect)
19. Given
f0, we can calculate the conductivity σab(T ) = σ
′
ab −
iσ′′ab = iωµ0/Z
2
s (T ) at all T . The temperature depen-
dences of σ′ab(T ) (open squares) and σ
′′
ab(T ) (open cir-
cles) are shown in Fig. 3a and Fig. 3b for crystals #1
and #2 respectively. Note that σ′ab(T ) in Fig. 3b does
not have a broad peak at low temperatures, typical
for σ′ab(T ) in high-quality HTS. The reason for that is
the rather large value of the residual surface resistance:
Rres ≡ Rs(T → 0) ≈ 0.5 mΩ in the ab-plane of the sam-
ple #220, Rres was four times less in the sample #1.
3
0 20 40 60 80
0
1
2
3
0 20 40 60 80 100
0
2
4
6
0 20 40 60 80 100
0
0.8
1.6
0 20 40 60 80 100 120
0
5
10
15
 
 
λ
ab(0)=210 nm
σ
'' ab
 
(10
8  
Ω
-
1 m
-
1 )
T (K)


BSCCO #1
σ
' ab
 
(10
6  
Ω
-
1 m
-
1 )
T (K)


λ
ab(0)=260 nm
BSCCO #2
σ
'' ab
 
(10
8  
Ω
-
1 m
-
1 )
T (K)
ED
σ
' ab
 
(10
6  
Ω
-
1 m
-
1 )
T (K)
FIG. 3. Conductivities σ′ab(T ) (open squares) of two BSCCO single crystals #1 (fig. a) and #2 (fig. b) at 9.4 GHz, extracted
from the surface impedance measurements. The insets show σ′′ab(T ) = λ
2
ab(0)/λ
2
ab(T ) data (open circles).
In the L-orientation of a crystal shaped as a long strip
the quantities ∆(1/Q) and δf are expressed in terms
of the complex function µ = µ′ − iµ′′ from Eq. (1) or
χ = (−1 + µ):
∆ (1/Q)− 2i δf/f = iγµv/V, (4)
where v and V = 58 cm3 are the volumes of the sam-
ple and cavity respectively, γ = 10.6 is a constant of
our cavity1. In the superconducting state at T < 0.9Tc
the expression for µ is given by Eq. (3). The curves of
∆λc(T ) in sample #1 (full squares) and sample #2 (full
circles), measured by cavity perturbation technique and
obtained using Eqs. (3), (4), are shown in Fig. 2.
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We can estimate λc(0) by comparing of ∆(1/Q) and
∆f = δf − f0 measurements taken in the T- and L-
orientations to numerical calculations by Eqs. (1) and
(4), which take account of the size effect in the high-
frequency response of an anisotropic crystal. The pro-
cedure of comparison for sample #1 and #2 is illus-
trated by Fig. 4a and Fig. 4b respectively. Unlike the
case of the T-orientation, the measured temperature de-
pendence of ∆(1/Q) in the L-orientation deviates from
(−2∆f/f) owing to the size effect. Using the measure-
ments of σab(T ) at T > Tc in the T-orientation (Fig. 3),
alongside the data on ∆(1/Q) in the L-orientation (open
4
squares in Fig. 4), from Eqs. (1) and (4) we obtain the
curves of ρc(T ) = 1/σc(T ) shown in the right-hand in-
sets to Fig. 4a and Fig. 4b for crystals #1 and #2. Fur-
ther, using the functions σc(T ) and σab(T ), we calculate
(−2δf/f) versus temperature for T > Tc, which are plot-
ted by the solid lines in Fig. 4. These lines are approxi-
mately parallel to the experimental curves of −2∆f/f in
the L-orientation (open circles in Fig. 4). The difference
−2(δf−∆f)/f yields the additive constant f0. Given f0
and ∆f(T ) measured in the range T < Tc, we also obtain
δf(T ) in the superconducting state in the L-orientation.
As a result, with due account of λab(T ) =
√
1/ωµ0σ′′ab(T )
(insets to Fig. 3), we derive from Eqs. (4) and (3) λc(0),
which equals approximately λc(0) ≈ 50 µm in sample #1
and 150 µm in sample #2. These results are in reason-
able agreement with our ac-susceptibility measurements
if we take into consideration the fact that the accuracy
of λc measurements is rather poor and the error can be
up to 30%. The temperature dependences of σ′′c (T ) for
both BSCCO single crystals are shown in Fig. 5.
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FIG. 5. Conductivities σ′′c (T ) of BSCCO single crystals #1
(left scale) and #2 (right scale) at 9.4 GHz, obtained by com-
paring the measurements of ∆(1/Q) and ∆f = δf − f0 to
numerical calculations by Equation (1).
V. MICROWAVE ABSORPTION
MEASUREMENTS IN A STATIC MAGNETIC
FIELD: SURFACE BARRIER AND INFLUENCE
OF DEFECTS
An alternative technique for the determination of λc(0)
is based on the measurements of the magnetic fieldHJ (T )
at which Josephson vortices penetrate into the sample.
In the experiment the microwave absorption measured
in the L-orientation as a function of the static magnetic
field (0-30 Oe) parallel to the CuO2 layers exhibits a no-
table increase at the field HJ(T )
21. Figure 6 displays the
change of microwave dissipation, starting from zero field
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FIG. 6. Microwave absorption as a function of the applied
field H at 3 temperatures, for 2 orientations (0◦ and 2◦) of
the H with respect to the ab-plane. The onset of dissipation,
indicated by the arrow, occurs at the penetration field HJ (T ).
(within ±0.1 Oe) measured in sample #1 for various ori-
entations of the applied field close to the ab-plane (0◦ and
2◦) and in a low-field range: 0 ≤ H ≤ 25 Oe, at three
typical temperatures (T = 78 K, 65 K, 50 K). After each
field sweep, the sample was warmed through Tc and then
cooled again in zero field, in order to avoid any possible
vortex pinning when studying the penetration starting
from zero field. The dissipation of Josephson vortices is
characterized by the fact that it does not depend on the
angle (Fig. 6), as long as these vortices remain locked. As
the field increases, an onset in the dissipation occurs at a
temperature-dependent field HJ (T ), which we associate
to Josephson vortices entering the sample. As in Ref.22,
we choose to define HJ(T ) as the field value where the
microwave absorption exceeds the experimental accuracy.
The field thus determined is plotted in Fig. 7. The error
bars take into account both the noise and the estimated
drift of the signal with time.
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FIG. 7. Plot of HJ(T ) (full circles) for BSCCO crys-
tal #1. Triangles display the upper bond of Hc1(T ) using
λab(0) = 2100 A˚ and λc(0) = 10 µm. The temperature varia-
tions ∆λab(T ) and ∆λc(T ) are taken from the present work.
The magnitude of HJ (T ) is too large to be associated
with the first thermodynamic critical field Hc1(T ) for
Josephson vortices23:
Hc1(T ) =
φ0
4piλab(T )λc(T )
[lnλab(T )/d+ 1.12], (5)
where φ0 is the flux quantum and d is the interlayer dis-
tance (∼ 15 A˚ in BSCCO). Indeed, in Fig. 7 the tri-
angles demonstrate an upper bound for Hc1(T ). Here,
we take 2100 A˚ as a lower bound for λab(0)
24,25, and
10 µm for λc(0)
26–30. We use the temperature depen-
dence for ∆λab(T ) from σ
′′
ab(T ) = 1/[ωµ0λ
2
ab(T )] shown
in the inset of Fig. 3a, and ∆λc(T ) (squares in Fig. 2). It
is clearly seen that neither the absolute value (too small
compared to the experimental data) nor the temperature
dependence (quasi-linear) agrees with the HJ (T ) data.
It is therefore quite natural to assume that a Bean-
Livingston surface barrier31 impedes magnetic flux pen-
etration into the sample and yields a higher entry field
HSB(T ). This assumption is also supported by the ir-
reversible behavior of the dissipation upon flux exit21.
In anisotropic superconductors in the quasi-2D regime,
which holds in BSCCO up to temperatures very close to
Tc, the field HSB(T ) was shown to be related only to the
c-axis penetration length through11 :
HSB(T ) =
φ0
4piλc(T )d
. (6)
The surface barrier might thus account for the ob-
served value of the penetration field. Also, since HSB(T )
grows as 1/λc(T) (instead of 1/λabλc(T )), it is expected
that the temperature dependence could show a better
agreement. So we derive from the HJ(T ) data an effec-
tive penetration depth λJ (T ) = φ0/[4piHJ(T )d] on the
analogy of Eq. (6). The data are shown in Fig. 8 (full
squares). We then try to determine λc(0) = λJ (T ) −
∆λc(T ) so as to fit λJ (T ) using the measured by ac-
susceptibility and cavity perturbation technique ∆λc(T )
(full circles in Fig. 8 extend the lower curve in Fig. 2 to
higher temperatures). We find that both sets of data,
namely λJ (T ) and ∆λc(T ), cannot be reconciled for any
value we may assume for λc(0) in the entire temperature
range. Therefore, the interpretation cannot be so simple.
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More detailed quantitative investigation and calcula-
tions of the penetration field in the presence of edge or
surface defects, have led us to the conclusion that HJ (T )
is eventually controlled by such surface irregularities21.
We have carried out several checks (cleaving sample,
cutting deep and wide grooves at the ab-plane, rotation
crystal along it’s c-axis) and established that large de-
fects, greater or comparable with the penetration depth,
within the ab-planes or at the edges of the crystal do not
destroy the surface barrier (no significant change in the
onset field of the microwave absorption was observed).
However, if the dimensions of the surface irregularities
are smaller than λ then their presence can strongly in-
fluence the screening current distribution. Indeed, the
entrance field is deduced from the balance between the
vortex attraction to the surface and the pushing force ex-
erted by the screening current at the minimum distance
ξ (the vortex core size)31,32. Near a small scratch the
6
current density can be many times larger than near the
flat surface. This may substantially increase the force
pushing vortices inside the superconductor and then de-
crease the surface barrier and the entrance field. As
shown in Ref.21, in the specific case of a thin groove with
the depth b >∼ d at the surface, the penetration field
HJ(T ) = HSB(T )/β, where parameter β = (b/d)
1/2 > 1.
Based on this estimation, we have attempted to fit our
data on
λJ (T ) =
φ0β
4piHSB(T )d
= β [∆λc(T ) + λc(0)] , (7)
using two adjustable parameters β and λc(0) (see Fig. 8).
We have obtained the best fit at β = 6 (or b ∼ 500 A˚)
and λc(0) = (35 ± 15) µm in Eq. (7), which is in agree-
ment with our measurements by the first two methods.
We also show in Fig. 8 smaller and larger values for λc(0).
They allow us to set the uncertainty about our determi-
nation of the penetration depth. We can also fit the data
in the presence of a slit at the edge of the crystal21. The
depth of the edge slit should be of the order of 10 µm,
which is still small with respect to λc(0). The key result
in this latter case is that it yields the same absolute value
for λc(0).
VI. CONCLUSION
In conclusion, we have used three high-frequency tech-
niques in studying anisotropic properties of BSCCO sin-
gle crystals. The results obtained by different techniques
are in reasonable agreement. We have observed almost
linear dependences ∆λc(T ) ∝ T at low temperatures. We
have also determined the absolute value of λc(0), which
is a factor of three higher in the optimally doped BSCCO
sample than in the overdoped crystal. The ratio between
the slopes of curves of ∆λc(T ) in the range T ≪ Tc is the
same. These facts could be put down to dependences of
λc(0) and ∆λc(T ) on the oxygen content in these sam-
ples. At the same time, the set of our experiments sug-
gest very strongly the influence of defects in the samples,
which relates the first penetration field HJ(T ) of Joseph-
son vortices to the c-axis penetration depth. In order
to draw ultimate conclusions concerning the nature of
the transport properties along the c-axis in BSCCO sin-
gle crystals, studies of more samples with various oxygen
contents are needed.
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